Improvement of the corrosion resistance of refractories is required critically, since Al 2 O 3 based conventional refractories used for incineration at the power generation plants are seriously corroded by the molten oxide mixture. In this study, the effect of the addition of Cr 2 O 3 to Al 2 O 3 on the corrosion resistance, and the corrosion behavior of Cr 2 O 3 -Al 2 O 3 system are investigated in the molten oxide. Cr 2 O 3 -Al 2 O 3 ceramic materials with TiO 2 as a sintering additive were used for the corrosion tests. Specimens were soaked into the SiO 2 -CaO-Al 2 O 3 based molten oxide and rotated. The corrosion rate of the material is controlled by the diffusion of components of Cr 2 O 3 -Al 2 O 3 through the boundary layer. The corrosion resistance was improved by addition of Cr 2 O 3 . The largest improvement was achieved when the addition of Cr 2 O 3 was 81.6 mol%. It can be explained by the difference of diffusion rate of Cr 3+ and Al 3+ .
Introduction
It is important to improve the corrosion resistance of the refractory materials to achieve durability of the combustion chamber in the incineration furnace or the power plant, since the refractories in the combustion chambers are corroded extensively by the oxide melt originating from the cinders. [1] [2] [3] In the steel production, the corrosion resistant refractories have been developed as furnace liner materials against the oxide melt. 4, 5) The latest ones are advanced non-oxide type refractories such as SiC type or MgO-C type. 6, 7) However, these materials cannot be used in the strong oxidizing atmosphere including the combustion chamber. Thus the candidate material for the combustion chamber refractories need to be selected from the oxides. MgO based materials have also been used in the steel production field. 4) However, MgO based materials have a poor thermal shock resistance. So it is difficult to use these materials in the combustion chamber, since the temperature in the chamber may change greatly and abruptly. Al 2 O 3 ceramics has been used as the combustion chamber refractories. 8) Although corrosion is serious especially at the melt-gas boundaries, Al 2 O 3 is the prime candidate for the refractory because of its superior characteristics i.e. easy to produce, easy to handle, and less expensive. The corrosion resistance of Al 2 O 3 is higher for slag with particularly low basicity than that of MgO based materials. 9) The dissolution mechanism of Al 2 O 3 into the molten oxide has been studied extensively. [10] [11] [12] [13] 
Experimental Procedures

Chromia-alumina ceramics
The starting powders used were Cr 2 O 3 (α-Cr 2 O 3 ; purity, 99.4%; average particle size, 0.3 µm), Al 2 O 3 (α-Al 2 O 3 ; purity, 99.997%; average particle size, 0.25 µm), and TiO 2 (purity, 99.99%; average particle size, 0.27 µm). These powders were mixed with the ball mill for 360 ks using buthanol as solvent. The composition of the mixed powders are shown in Table 1 . The powder-buthanol mixture was dried in a rotary evaporator. The derived powder was pressed into the disks of about 70 mm in diameter and 10 mm in thickness. These com- pacts were sintered at the temperature of 1773 K for 10.8 ks in a vacuum furnace. The sintered bodies have relative densities > 95%. Cylindrical specimens for the corrosion experiment were cut out from the sintered bodies. The dimension of the specimen is 5 mm in diameter and 50 mm in length. The roughness of the specimens surface was about 20 µm. Table 2 . Figure 1 shows the corrosion test equipment. Specimens were set at the bottom of the rod made of high-purity Al 2 O 3 with 10 mm in diameter and 500 mm in length. Forty grams of the oxide mixture was set in the platinum crucible of 44 mm in diameter and 47 mm in height. Specimens were soaked into the molten oxide at the specified temperatures, then rotated. Rotation rates measured by a tachometer were 1.66, 3.33 and 6.66 s −1 . Rotation rates were stable during the holding time. Corrosion time was 5.4, 9, 10.8, 18 or 27 ks. After the corrosion test, the specimens were taken out from the molten oxide.
Corrosion test 2.2.1 Relationship between the corrosion depth and
The specimen after the corrosion test showed a shape as shown in Fig. 2 . Corrosion at the boundary area between the molten oxide and the vapor phase was rather severe. As the rotation speed increases, the soaked area was uniformly corroded. The specimen was cut at the interval of 2 mm perpendicular to the rotating axis. To eliminate influence at the boundary, 4 mm from the boundary was cut off. The cross section was polished. Diameters of the corroded specimens were measured by an optical microscope. The depth of corrosion damage was defined as the difference of the radii calculated from diameters before and after the corrosion tests. The value of the depth of corrosion was determined from the average of 5 or more measurement. Fig. 3 . Specimens were soaked into the molten slag at 1873 K, then rotated. Rotation rates measured by a tachometer, were 3.33 s −1 . Rotation rates were stable during the holding time. Corrosion time was 3.6 ks. After the corrosion test, the specimens were taken out from the molten oxide. depth is proportional to the corrosion time under all rotation conditions. At the same corrosion time, the corrosion depth increases with the increasing rotation rate. It means that the corrosion depth increases with the increasing velocity of the slag flow around the specimen. Figure 5 shows the relationship between the depth of damage and the rotation rate of the specimen. The depth is proportional to the square root of the rotation rate. Figure 6 shows the relationship between the depth of damage and the holding time at various temperatures. When the temperature increases, the depth of damage increases. Figure 7 shows the relationship between the rate constant and the reciprocal temperature. The activation energy of the corrosion is estimated to be 333 kJ·mol −1 . Figure 8 shows the schematic diagram of the corrosion mechanism of oxide ceramics. The dissolution process of the oxides ceramics can be controlled by ➀ diffusion of the oxide components through the boundary layer of slag existing at the front of the surface of the oxides, or ➁ the dissolution rate of the oxides into the slag. If diffusion through the boundary layer is the dominant controlling process, the dissolution rate would is reciprocally proportional to the thickness of the boundary layer, which decreases in the manner reciprocally proportional to the square root of rotation rate of the specimen rod. Therefore, the depth of damage is proportional to the square root of the rotation rate. On the other hand, if the solution reaction at the surface of the oxides is the controlling process, the rate of reaction is independent of the thickness of the boundary layer. Thus, the depth of damage would not depend on the rotation rate. [15] [16] [17] [18] Consequently, the solution process in this study was controlled by the diffusion of the oxide components through the boundary layer. Shoji et al. 19) conclude that the depth of damage is proportional to the power of 0.6 to 0.8 of the velocity of the molten oxide. Cooper et al. 15) show that the depth of damage is proportional to the power of 0.5 of the rotation rate. K. Goda 20) indicates that if the flow of the molten oxide is in a boundary layer, the depth of damage is proportional to the power of 0.5 of the rotation rate. The diffusion rate of Cr ion through the boundary layer is considered to be slower than that of other metal ions. 8) So, addition of Cr 2 O 3 to Al 2 O 3 is expected to decrease the corrosion rate of Al 2 O 3 ceramics. Figure 9 shows the relationship between the corrosion depth and the Cr 2 O 3 content. Corrosion tests were carried out at 1873 K for 9 ks at 3.33 s −1 . The corrosion depth depended Figure 10 shows the scanning electron micrographs of cross section of specimens after the corrosion test. From  Fig. 10 , the corrosion damage zone was observed at the surface of specimens. The thickness of damage zone decreases with increasing Cr 2 O 3 content. Figure 11 shows the distribution of the elements of slag and specimen in the 48 mol%Cr 2 O 3 -Al 2 O 3 -4 mol%TiO 2 ceramics. In the damage zone, the condensation of Mg and Fe was observed. The decrease of Al concentration was also observed. 
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Relationship between the corrosion depth and CaO
content in the molten slag As mentioned above, the corrosion process of the Al 2 O 3 -Cr 2 O 3 ceramic materials is controlled by diffusion of the solute, i.e. Al or Cr ion through the molten oxide mixture. The viscosity and solubility of the slag may influence the diffusion rate through the boundary layer. [21] [22] [23] In this study, to clarify influence of viscosity and solubility of slag to the depth of corrosion, the relationship between CaO content and the corrosion rate was investigated.
The relationship between CaO content and the depth of corrosion of Cr 2 O 3 -Al 2 O 3 ceramics are shown in Fig. 12 . The depth of corrosion increases rapidly with increasing CaO content in the slag. Since the properties of slag such as the viscosity and solubility change with changing CaO content, the corrosion rate is considered to change with CaO content in the slag. Figure 13 shows the relationship between the viscosity of slag and CaO content. 24) The viscosity decreases rapidly with increasing CaO content. Therefore, the depth of corrosion seemed to increase with increasing CaO content in the slag. The solubility of component of specimen to the molten oxide affects the driving force of diffusion through the boundary layer. Figure 14 shows the relationship between the CaO content in the slag and the solubility of Al 2 O 3 and Cr 2 O 3 . [25] [26] [27] [28] From Fig. 14 Rapp 29) showed that the solubility of specimen in the molten salt depends on the basisity gap between the specimen and salt. The basicity of molten oxide, Al 2 O 3 and Cr 2 O 3 are shown in Fig. 15 . The bacisity is expressed with B-parameter, which is proposed by Morinaga. 30) According to the definition, the B parameter is estimated as follows; 
where, n i is the fraction of cation i against the number of all cations, r i is the radius and Z i is the valence of the cation i. This parameter estimates the degree of localization of the lone pair electron. This degree of localization could express the basicity of the molten oxide with ionic bonds. From Fig. 15 , the bacisity increases with increasing CaO content in the molten slag. Figure 16 shows the relationship between the CaO content in the slag and basisity gap between the slag and the components of specimen, In Fig. 16 , the relationship between the CaO content and the basicity gaps between the slag and TiO 2 and MgO are indicated. Also, the dependence of the solubility of TiO 2 and MgO on the CaO content are shown in Fig. 14 and 16, the basicity gap and the solubility show the same dependence on CaO content. Therefore, this basicity gap seems to be a useful index that expresses the solubility of oxide in the slag. From Figs. 14 and 16, MgO seems to show the high corrosion resistance for the high basicity slag.
Conclusion
The corrosion mechanism of Al 2 O 3 -Cr 2 O 3 materials in CaO-Al 2 O 3 -SiO 2 slags was studied by a rotating rod method to improve the corrosion resistance of Al 2 O 3 against the molten slag by adding Cr 2 O 3 . The results are as follows:
(1) The corrosion resistance of Al 2 O 3 base ceramics is improved by adding Cr 2 O 3 .
(2) 81.6 mol%Cr 2 O 3 -14.4 mol%Al 2 O 3 -4 mol%TiO 2 ceramic material shows the highest corrosion resistance.
(3) As a result of the rotation corrosion test, the depth of corrosion was found to be proportional to the square root of the rotation rate.
(4) The corrosion of Al 2 O 3 -Cr 2 O 3 ceramic materials is controlled by diffusion of components of Al 2 O 3 -Cr 2 O 3 through the boundary layer in the slag.
(5) The depth of corrosion is decreased with increasing Cr 2 O 3 content.
(6) The basicity gap between the slag and specimen reflects the solubility of the specimen.
